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Optical bistability, the basic nonlinear phenomenon mediating the control of light by light, paves the way to
the all-optical logic being of ultimate demand for a plethora of applications in laser information technologies.
The desirable features of the optically bistable elements are low power consumption, speed of switching and
small size. The two most general designs are driven by the presence or absence of an external feedback giving
rise to a variety of possible setups. Among them, mirrorless architecture seems promising being free of bulky
mirrors, resonant cavities, photonic crystals, etc. In this paper, we propose a novel method to achieve optical
quasi-bistability governed by the formation of specific nonlinear waveforms called kinks. We show that a thin
layer of the relatively dilute resonant medium specially designed to support kinks could serve as a platform for
compact, ultra-fast, low power optical switching. This new physical mechanism do not require high densities
of resonant particles specific for other feedback-free devices driven by local field corrections and dipole-dipole
interactions, and enhance the overall practical relevance of such devices for optical computing.
Bistability lies at the heart of the digital information storage
and processing systems. This justifies the importance of the
search for the bistability in different optical systems consid-
ered as promising elements of future optical computers [1, 2].
Bistable response of an optical system implies the possibility
of the two stable states at the same intensity and polarization
of the incident radiation. These states differ in the output field
intensity or polarization. Leaving aside the polarization bista-
bility, the main feature of the bistable response is the hystere-
sis loop in the dependence of the output intensity on the input
one.
The standard approach to optical bistability was based on
nonlinear media with a feedback [3]. The feedback can be
realized in a number of ways. The earliest and the most
straightforward approach is to use the mirrors obtaining a
nonlinear-medium-filled Fabry-Perot resonator [4, 5]. The
distributed feedback was proposed later to realize bistability
as well [6]. In recent years, more advanced realizations of the
feedback were studied, such as Bragg reflectors [7], photonic
crystals [8–11], photonic crystal waveguide/cavity systems
[12–16], and metamaterials [17–20]. Moreover, bistability
can be observed even in disordered media due to Anderson-
localization-induced cavities formation [21, 22]. Although the
cavity of a photonic-crystal bistable system can be even less
than the light wavelength [23], the structure itself should con-
tain several periods and is not so compact.
Fundamentally different mechanisms are utilized in the so-
called mirrorless (or cavity-free) optical bistability. In this
case, bistable response is generated only by the medium’s
nonlinearity, without need of any external feedback. In other
words, the medium is bistable locally, at every given point, as
in the case of magnetic hysteresis. The mirrorless bistablil-
ity can be induced, for example, by nonlinear absorption in
semiconductors [24–26]. Moreover, there is another interest-
ing mechanism of mirrorless bistability, when resonantly ab-
sorbing particles (atoms, molecules, quantum dots) are packed
closely enough to have many of them in a qubic wavelength.
In such a dense resonant medium, the particles start to inter-
act strongly with each other. The dipole-dipole interactions
between the particles can be described in terms of local-field
correction leading to the Lorentz shift of the resonant fre-
quency. The Lorentz term introduces the additional nonlinear-
ity into the optical Bloch equations, which are used to describe
the medium, and results in the local (or intrinsic) bistable re-
sponse. This mechanism of mirrorless bistability was pro-
posed in the pioneering works by Bowden et al. [27–29];
many details and modifications were later studied by other
authors [30–36]. This mechanism was applied to study the
bistability in the collections of rare-earth ions [37], quantum
dots [38], and molecular aggregates [39].
The propagation of optical pulses through bistable systems,
as a rule, results in nonlinear transformations of the form and
duration of the pulses [3, 15]. In particular, the spatial dis-
continuities called kinks were reported as a side manifestation
of the inhomogeneous distribution of the excitation and the
local nature of the mirrorless optical bistability [40, 41]. In
this paper, we turn this observation inside out and propose to
use kinks in a resonant medium as a basis for bistable-like re-
sponse. The kinks, or self-similar shockwaves, were predicted
to exist in resonant media in the regime of incoherent light-
matter interaction in Ref. [42] and later numerically studied
in one of our previous papers [43]. Hereinafter, we show
that these kinks can deliver mirrorless quasi-bistability with
fast (sub-nanosecond) and low-intensity switching in a quite
compact slab (about 2 wavelengths or less) of a diluted reso-
nant media. This particular design not requiring cavities, res-
onators, dense doping with resonant atoms or particles, rather
large material slabs or intensities, etc., could be extremely
useful for a variety of optical applications being simple for
fabrication and processing.
Let us start with a brief discussion of the standard mir-
rorless bistability in the dense resonant media due to local-
field correction. This correction takes into account the dipole-
dipole interactions between atoms and results in the so-called
2Lorentz redshift of the resonant frequency. In the two-level
approximation, the optical Bloch equations taking into ac-
count this effect can be written as [33, 44, 45]
ρ˙ = ilΩw+ iρ(δ +ωLlw)−ρ/T2, (1)
w˙ = 2i(l∗Ω∗ρ −ρ∗lΩ)− (w− 1)/T1, (2)
where w is the population difference between the ground
and excited states, ρ is the microscopic polarization (atomic
dipole moment), Ω = µE/h¯ is the Rabi frequency, E is the
electric-field amplitude, µ is the dipole moment of the quan-
tum transition, δ = ω −ω0 is the detuning between the light
carrier frequency ω and the frequency of the quantum tran-
sition ω0, T1 and T2 are the relaxation times of population
and polarization respectively, ωL = 4piµ
2C/3h¯ is the Lorentz
frequency, C is the concentration of two-level atoms, l =
(n2d + 2)/3 is the local-field enhancement factor, nd is the re-
fractive index of the host medium, and h¯ is the reduced Planck
constant. The nonlinear term∼ ρw in Eq. (1) is due to dipole-
dipole interactions and is the source of the bistable response
of the medium. Indeed, one can easily see this in the station-
ary approximation (ρ˙ = w˙ = 0) obtaining the cubic equation
for the population difference,
(1−w)[1+(δT2+ωLT2lw)
2] = 4T1T2l
2|Ω|2w. (3)
This equation can have one or three real roots depending on
the light intensity given by |Ω|2. In the range of intensities,
where there are three roots, the system can be in one or another
of stable state depending on the previous history of its dynam-
ics. This type of mirrorless bistability has a threshold and ap-
pears only for large enough nonlinear terms in Eq. (3). In the
literature, one can find the specific values for this threshold,
namely ωLT2 > 4 (for l = 1) [30]. One can also find the an-
alytic expression for the bistability existence threshold in the
(δT2,ωLT2) coordinates [36]. This threshold poses a problem
for practical realization of suchmirrorless bistability requiring
the resonant medium to be dense enough. Indeed, even for
the two-level particles with relatively large dipole moments
µ ∼ 10 D and short relaxation time T2 ∼ 1 ps (e.g., quantum
dots), the concentration should be C & 1019 cm−3, which is
not always possible to provide. Note also that T2 governs the
steady-state establishment and should be as short as possible
to obtain ultrafast switching, whereas T1 ≫ T2 sets the time
after which the system returns to the initial state and can be
used again.
Here we propose another mechanism of mirrorless bista-
bility based on kink formation in the resonant medium. This
mechanism allows to alleviate the problems discussed above
and obtain fast and low-intensity quasi-bistability based on the
light interaction with the resonant two-level medium. We con-
sider the case of the so-called kink-like pulses which form
from the incident adiabatically switching waveform [43],
Ω(t) =
Ω0
(1+ e−(t−t0)/tp)(1+ e(t−t
′
0)/tp)
, (4)
where Ω0 is the amplitude of the cw field (plateau), tp is the
switching time, t0 = 5tp and t
′
0 = 4tp are the offset times which
govern the moments of field switch-on and switch-off, respec-
tively. The profile given by Eq. 4 is shown in Fig. 1 with
the dashed curve. The key condition for kink formation is
T2 ≪ tp ≪ T1, which evidences the adiabatic character of the
waveform (4) and incoherent regime of light-matter interac-
tion. For the kink to preserve self-similarity, the amplitude
should be Ω0 < 1/2T2 [42]. The numerical calculations of
light propagation are based on simulations of the Maxwell-
Bloch equations, i.e., Eqs. (1)-(2) supplemented with the
wave equation for the electromagnetic field Ω. The numerical
scheme utilized here can be found in the previous publications
[46, 47]. Besides those mentioned above, the parameters used
in our calculations are ωL = 10
11 s−1 (so that ωLT2 = 0.1,
much less than the threshold for local-field-induced bistabil-
ity), nd = 1.5, δ = 0, the light wavelength λ = 0.8 µm, the
medium thickness L = 10λ .
In order to demonstrate the peculiarities of different
regimes of light-matter coupling, we have calculated the dy-
namics of light transmission and population difference for the
input waveform (4) and different relationships between tp and
relaxation times. Namely, we consider the three regimes as
follows:
(i) kink regime, T2≪ tp ≪ T1, with T2 = 1 ps, T1 = 10
3T2 =
1 ns, tp = 30T2, and Ω0 = 0.4/T2;
(ii) stationary regime, T2,T1 ≪ tp, with T2 = 1 ps, T1 =
10T2, tp = 30T2, and Ω0 = 10/T2. The larger amplitude Ω0
is taken, because the low-amplitude radiation as in the case
(i) will be mostly absorbed due to its smallness in compari-
son to the increased saturation amplitude, Ωsat ∼ (T1T2)
−1/2.
This means that we should increase the incoming amplitude
to reach closer to saturation again and provide nonzero trans-
mission;
(iii) non-stationary regime, tp ∼ T2 ≪ T1, with T2 = tp = 1
ps, T1 = 10
3T2, and Ω0 = 2.2/T2. The increase in the am-
plitude is again aimed at ensuring approximately the same
level of transmission as in the case (i). We use the kink self-
similarity condition, which connects the medium thickness
with the waveform parameters, L ∼ Ω20tp [43]. Since L is un-
changed, decrease in tp should be compensated with increase
in Ω0.
Figure 1(a) shows the transmitted intensity profiles calcu-
lated for these three regimes. It is seen that the resulting
plateaus of transmission are characterized with approximately
the same normalized intensity in all the regimes considered;
this fact confirms that these cases, indeed, can be compared.
For the kink regime, we see the typical profile with the sharp,
shock-wave-like jump of intensity at the front edge due to the
self-steepening process. In the stationary regime, on the con-
trary, the transmitted intensity is smooth, closely following the
initial waveform. Finally, in the non-stationary regime, we
see the damped oscillations of intensity usual for the abrupt
(non-adiabatically, tp . T1,T2) switching external field. These
oscillations correspond to the Rabi flopping of the population
difference clearly seen in Fig. 1(b) in this case. The period
of Rabi oscillations fits well the value of Rabi frequency (al-
though the conditionΩ0T2≫ 1 is not reached producing some
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Figure 1. (a) Profiles of transmitted light intensity for the three cases
discussed in the main text. (b) Corresponding dynamics of popula-
tion difference at the entrance of the medium.
discrepancy). There are no such oscillations in the kink and
stationary regimes what brings these latter cases together and
justifies consideration of the kink regime as a quasi-stationary
one and the probable basis for getting quasi-bistable response.
The trailing edge of the transmitted intensity, in contrast
to the leading one, has practically the same behavior in all
three regimes closely following the incident profile. The dif-
ference, or asymmetry, between the dynamics of the leading
and trailing edges in the kink regime is the main feature result-
ing in bistable-like response. Indeed, since the thickness of
the medium is small, we can neglect the retardation of waves
inside it (in comparison with the kink-like pulse duration) and
simply plot the dependence of the transmitted intensity on the
incident intensity at the same instant of time. The results
of such calculations are shown in Fig. 2 (the green dashed
curve). For the kink regime, one can see the behavior typical
for bistability: there is a jump from low-intensity output to the
high-intensity output at a certain value of the growing input
(the leading edge), whereas the return to the low-intensity out-
put happens at a completely different, much lower value of the
decreasing input (the trailing edge). This difference between
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Figure 2. Hysteresis loops calculated from the profiles of Fig. 1(a)
for different values of Ω0 indicated near the corresponding curves.
the intensity jumps is the direct consequence of the asymme-
try between behaviors at the leading and trailing edges of the
input waveform. In the stationary case, the curves for the
increasing and decreasing inputs almost coincide, so that no
bistability occurs [see the red dot-dashed curve in Fig. 2].
Figure 2 also shows why we call the observed effect the
quasi-bistability and not the true bistability. The true bista-
bility should have non-dynamic origin, i.e., it is not a mere
result of optical signal distortion. In particular, for the fixed
parameters of the system, the bistable loop should be the same
for any input intensity. This is not the case in our kink-based
approach: as seen in Fig. 2, changing the waveform ampli-
tude Ω0 from 0.3/T2 to 0.5/T2 leads to strong variations of
the switching intensity. Nevertheless, the final level of output
intensity remains intact depending only on the medium char-
acteristics. This may be used in possible applications, when
the specific value of switching intensity is not important and
only two pronounced states (on and off) are needed. Keep-
ing this possibility in mind, we call the proposed kink-based
mechanism the optical quasi-bistability.
The time of switching from the low-intensity state to the
high-intensity one is governed by tp, which is in our example
on the order of several tens of picoseconds. Apart from this
switch-on time, it is important to estimate the switch-off time,
i.e., the time of switching back from the high-intensity state
to the low-intensity one. The switch-off time shows the time
interval after which the system can be used again for obtain-
ing the quasi-bistable response. In Fig. 3(a), we demonstrate
the transmission and reflection of the three consecutive kink-
like pulses with the same parameters as previously, except for
the shorter second offset time t ′0 = 3t0. We observe the same
main features including the characteristic intensity jump at the
leading edge of the pulse. These jumps appear for every next
waveform launched into the medium after some time inter-
val large enough to preserve the possibility of kink formation.
This interval is governed by the relaxation time T1, which de-
termines the return of the medium to the ground state. Figure
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Figure 3. (a) Profiles of transmitted light intensity for the three se-
quential kinks. (b) Corresponding dynamics of population difference
at the entrance of the medium.
3(b) shows that even incomplete return is enough to preserve
the consecutive kink formation seen in Fig. 3(a). As a result,
we obtain a series of practically identical kinks which can be
used for realization of quasi-bistability. In our example, the
interval between kinks and, hence, the switch-off time can be
estimated as 35tp ∼ 1 ns. This corresponds to the frequency of
the quasi-bistable operations sequence of the order of 1 GHz.
In fact, the interval between kinks can be further reduced be-
ing limited only by the possibility of the next kink formation.
One can also consider using other materials, with shorter re-
laxation times.
In order to demonstrate the compactness and feasibility of
the scheme proposed, we estimate the medium parameters
needed. In particular, for quantum dots with large dipole mo-
ment µ ∼ 30 D [48] and for the value ωL = 10
11 s−1 adopted
in our calculations, one should take the concentration of C ∼
3 ·1016 cm−3 which is of the same order as the value used in
the self-induced transparency study [49]. Moreover, one can
optimize the system parameters using the self-similarity prop-
erty of the kinks. Indeed, the distance of kink formation is
L = Ω2∞T
2
2 /α [42], where Ω∞ is the final kink amplitude and
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Figure 4. Profiles of transmitted light intensity for the layers of
decreased thickness (5λ and 2λ ) and increased Lorentz frequency
(ωL = 2 ·10
11 s−1) and relaxation time (T2 = 5 ps), respectively.
α is the linear absorption coefficient. Since Ω∞ ∼ Ω0 ∼ 1/T2
and α ∼ ωLT2, we have L∼ 1/ωLT2 ∼ 1/µ
2CT2, i.e., one can
make the system even more compact by increasing the den-
sity of two-level particles or taking quantum dots with larger
dipole moment or relaxation time. As an illustration, Fig. 4
shows the profiles of kinks formed after passing the layers of
only 5λ and even 2λ in thickness. The kinks are still present
even in these ultracompact instances due to the corresponding
tuning of density and relaxation time. This particular behav-
ior opens a way to nanosized all-optical switching devices and
logical setups based on quasi-bistable, kink-based processing.
In conclusion, we have found a new mechanism of mir-
rorless bistable-like response based on the kink formation
from incoherent waveform propagating in a dilute resonant
medium. We have justified this rather simple mechanism by
comparing the kink regime with other regimes of light-matter
interaction and demonstrated the dynamic quasi-bistability
which can be used for very compact (about two wavelengths
in size), low-intensity and fast all-optical switching. This
promising effect being free from some drawbacks of exist-
ing bistable devices can be successfully utilized for a plenty
of highly-demanded applications in optical information pro-
cessing.
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